Introduction {#Sec1}
============

Mating behavior in wild-type *Drosophila* consists of a series of courtship rituals and subsequent copulation. Successful copulation is a consequence of sexual interactions between specific male stimuli and appropriate female responses^[@CR1]^. Mating success is of great importance to the fitness of a population. Behavioral features of mating in *Drosophila* are well-described^[@CR2],\ [@CR3]^. Many of the behavioral components are quantifiable and have been genetically attributed to chromosomal arrangement or polymorphism^[@CR4]--[@CR8]^, and even individual genes^[@CR9]--[@CR15]^. For example, in *Drosophila persimilis* and *Drosophila pseudoobscura*, males carrying the commonest gene arrangement on the third chromosome mate rapidly, whereas males with the less frequent arrangement mate slowly^[@CR5],\ [@CR6]^.

The *white* (*w* ^+^) gene in *Drosophila*, discovered in 1910 by Thomas Hunt Morgan^[@CR16]^, encodes a subunit of an ATP-binding cassette (ABC) transporter, which loads up pigment granules and deposits the content to pigment cells in the compound eyes, ocelli, Malpighian tubules and testis^[@CR17],\ [@CR18]^. In addition, the White protein transports bioamines, neurotransmitters, metabolic intermediates, second messengers and many small molecules^[@CR15],\ [@CR19]--[@CR23]^. White is thus proposed to have housekeeping functions in the central nervous system besides its classical role in eye pigmentation^[@CR15],\ [@CR21],\ [@CR24],\ [@CR25]^.

It was not long after the discovery that the mutant form of *w* ^+^ was found to be involved in sexual discrimination. Sturtevant (1915) reported that Morgan's white-eyed male flies^[@CR16]^ were less successful than wild-type males in mating females^[@CR2]^. A ratio of copulation success is 0.75 for white-eyed male to 1 for wild-type male^[@CR26]^. Such a sexual discrimination against white-eyed males eventually results in the elimination of mutant allele from a laboratory population^[@CR26]^. Although these findings suggest a role for *w* in mating selection, there is no direct evidence whether *w* ^+^ determines successful male-female copulation.

Ectopic expression or intracellular mislocation of White protein, a product of mini- *white* (m*w* ^+^), induces male-male courtship chaining^[@CR12],\ [@CR13],\ [@CR15]^. However, m*w* ^+^ males do not reduce courtship preference for females^[@CR15],\ [@CR27]^. Also, there are no data whether m*w* ^+^ has an effect on copulation success. A complete lack of White reduces sexual arousal of males in the daylight but not in the dark^[@CR28]^, but whether or not the reduced sexual arousal affects copulation success, more specifically, whether *w* ^+^ or m*w* ^+^ promotes successful male-female copulation is still unknown.

In the current study we examined copulation success in wild-type Canton-S (CS) and white-eyed mutant (*w* ^1118^) strains. We demonstrate that *w* ^1118^ flies have a defect of copulation success in small circular arenas. The defect can be rescued by several genetic approaches, including the exchange of *w* ^+^ allele from wild-type to *w* ^1118^ background; *w* ^+^ duplication to the Y chromosome of *w* ^1118^ flies; and transgenic insertion of a m*w* ^+^ to the *w* ^1118^ background. We further show that homozygous m*w* ^+^ alleles over-rectify the reduced courtship activities of *w* ^1118^ males, and that there is a positive correlation between m*w* ^+^ copies and copulation success in flies with a *w* ^1118^ genetic background.

Results {#Sec2}
=======

A defect of copulation success in *w* mutants {#Sec3}
---------------------------------------------

When a naive CS male (4-day-old) and a virgin CS female (4-day-old) were placed into a circular arena (1.27 cm diameter and 0.3 cm depth), they initiated courtship activities and started copulation (flies in copulo) within minutes. Such a sexual interaction was highly consistent from one pair to another (Fig. [1A](#Fig1){ref-type="fig"}). In the *w* mutant *w* ^1118^, however, a naive male and a virgin female together rarely initiated typical courtship activities and failed to copulate within 60 min. The failure of copulation in *w* ^1118^ was consistent between pairs (Fig. [1B](#Fig1){ref-type="fig"}). The difference of copulation success was clearly observable between two strains. We thus explored the contribution of *w* ^+^ to the copulation success in *Drosophila*.Figure 1A defect of copulation success in *w* ^1118^ flies. Shown are the video-frames sampled once per five minutes. (**A**) Copulation success of wild-type (CS) in the circular arenas. Each pair of flies (a naive male and a virgin female) were loaded into a circular arena (1.27 cm diameter, 0.3 cm depth), and their copulation activities within 60 minutes were examined. Successful copulation is highlighted with light-red. Tested flies are at 4--7 days old. (**B**) A defect of copulation success in *w* ^1118^ flies. Naive males and virgin females of *w* ^1118^ flies were used.

In CS flies, the percentage of copulation success was 82.5% (33/40) (Fig. [2A,E](#Fig2){ref-type="fig"}). Median copulation duration was 25.4 min (interquartile range (IQR) 22.3--28.6 min) with a median latency of 11.1 min (IQR 6.6--19.3 min) (Fig. [2A](#Fig2){ref-type="fig"}). In *w* ^1118^ flies, copulation success within 60 min was 0% (0/40) (Fig. [2B,E](#Fig2){ref-type="fig"}), a level significantly lower than that in CS (*P* \< 0.0001, Fisher's exact test). Copulation success of CS flies in the circular arenas was comparable with previous observations that several wild-types had successful copulation rates of 50--90% within 60 min in varying sized mating chambers^[@CR29]--[@CR32]^. *w* ^1118^ flies displayed a defect of copulation success in the circular arenas within 60 min.Figure 2Reduced copulation success in *w* mutants. (**A**,**B**) Schematic illustrations of copulation success within 60 min in CS and *w* ^1118^ flies. The time for successful copulation (red) and non-copulation (grey) are indicated. (**C**,**D**) Copulation success within 180 minutes in CS and *w* ^1118^ flies. (**E**) Percentages of copulation success (red) during 1-hr observation in CS and *w* ^1118^ flies. (**F**) Percentages of copulation success during 3-hr observation in CS and *w* ^1118^ flies. (**G**) Percentages of copulation success in *w* ^1^, *w* ^*a*^ and *w* ^*cf*^ mutants. Notes: The red piece in the pie chart indicates copulation success. A pair of flies comprise a naive male and a virgin female. Tested flies are at 4--7 days old. Numbers of pairs tested and pairs with successful copulation are shown. *P* values are from Fisher's exact tests.

CS pairs, if successful in copulation, finished within 60 min. It is possible that *w* ^1118^ flies require longer than an hour to start copulation. We then examined the copulation success of flies in the circular arenas for 180 min. CS pairs copulated once with a successful rate of 87.5% (14/16), which was comparable with the successful rate observed during 60-min experiments (*P* \> 0.05, Fisher's exact test). CS flies, once again if successful, finished copulation within the first 60 min. There was no second copulation during the next 120 min (Fig. [2C,F](#Fig2){ref-type="fig"}). This was consistent with previous reports^[@CR2],\ [@CR30],\ [@CR33]^, and proved the sufficiency of 60-min observation for copulation success in wild-type. As a contrast, *w* ^1118^ pairs showed a complete lack of copulation within 180 min (Fig. [2D,F](#Fig2){ref-type="fig"}). Therefore, the defect of copulation success in *w* ^1118^ flies was further evident within a period of prolonged observation.Figure 3*w* ^+^ allele was associated with copulation success. (**A**) Copulation success between CS males and *w* ^1118^ females, and between *w* ^1118^ males and CS females. (**B**) Copulation success between F1 males and three types of females (See Methods and text). (**C**) Copulation success of *w* ^+^(*w* ^1118^) and *w* ^1118^(CS) flies in which different *w* alleles are exchanged between CS and *w* ^1118^ by serial backcrossing for ten generations. *P* value from Fisher's exact test. (**D**) Copulation success of flies with *w* ^+^ duplicated to the Y chromosome. (**E**) Copulation success in *w* ^+^; *cn*, *bw* (white-eyed) flies. For all the experiments, copulation success is indicated as red in the pie chart. Sexual activities of flies was observed within 60 minutes in the circular arenas. Numbers of tested pairs and numbers of successful copulation are shown. Fly sex is indicated as (male) and (female).

The defect of copulation success was also observed in several additional *w* mutants, including *w* ^1^ (0.0%, 0/16) (*P* \< 0.0001 compared with CS, Fisher's exact test), *w* ^*a*^ (6.3%, 1/16) (*P* \< 0.0001 compared with CS, Fisher's exact test) and *w* ^*cf*^ (0.0%, 0/16) (*P* \< 0.0001 compared with CS, Fisher's exact test) (Fig. [2G](#Fig2){ref-type="fig"}). Taken together, *w* mutants displayed a defect of copulation success in the circular arenas.

*w*^1118^ male showed a severe defect of copulation success {#Sec4}
-----------------------------------------------------------

We next examined which sex of *w* ^1118^ flies contributed largely to the defect of copulation success. The rate of successful copulation between CS male and *w* ^1118^ female (60.0%, 6/10) was comparable to that between CS male and CS female (82.5%, 33/40) with no significant difference (*P* = 0.197, Fisher's exact test) (Fig. [3A](#Fig3){ref-type="fig"}). However, copulation between *w* ^1118^ male and CS female (0.0%, 0/10), and that between *w* ^1118^ male and *w* ^1118^ female (0.0%, 0/40) were both unsuccessful. Thus *w* ^1118^ male but not female displayed a severe defect for copulation success in the circular arena.

*w*^+^ was associated with copulation success {#Sec5}
---------------------------------------------

*w* ^1118^ fly carries a null allele of *w* on the X chromosome. We examined whether *w* ^+^ was associated with copulation success. We first tested two different male progenies: *w* ^+^/Y (F1) and *w* ^1118^/Y (F1), produced by the cross between *w* ^1118^ males and CS females, and the reciprocal cross between CS males and *w* ^1118^ females. Male flies of each genotype were paired with three types of virgin females for the tests.

Paired with respective *w* ^+^/*w* ^1118^ sibling females, *w* ^+^/Y (F1) showed a copulation success of 30.0% (3/10), whereas *w* ^1118^/Y (F1) had no success (0.0%, 0/10) in copulation. Paired with CS females, *w* ^+^/Y (F1) displayed significantly higher copulation success (90.0%, 9/10) than *w* ^1118^/Y (F1) (10.0%, 1/10) (*P* \< 0.05, Fisher's exact test). Paired with *w* ^1118^ females, *w* ^+^/Y (F1) had higher copulation success (80.0%, 8/10) than *w* ^1118^/Y (F1) (10.0%, 1/10) (*P* \< 0.05, Fisher's exact test) (Fig. [3B](#Fig3){ref-type="fig"}). Therefore, *w* ^+^-carrying F1 males showed better copulation success than *w* ^1118^-carrying F1 males.

We then examined copulation success of *w* ^+^/Y (*w* ^1118^) and *w* ^1118^/Y (CS) flies in which different *w* alleles were exchanged between CS and *w* ^1118^ flies by serial backcrossing for ten generations^[@CR34]^. Copulation success between *w* ^+^/Y (*w* ^1118^) and sibling *w* ^+^/*w* ^+^ (*w* ^1118^) females (37.5%, 6/16) was higher than that between *w* ^1118^/Y (CS) and sibling *w* ^1118^/*w* ^1118^ (CS) females (6.3%, 1/16) (*P* = 0.0415, one-tailed Fisher's exact test) (Fig. [3C](#Fig3){ref-type="fig"}). Results confirmed that *w* ^+^-carrying males had increased copulation success compared with *w* ^1118^-carrying males.

*w*^+^ duplicated to Y chromosome rescued the defect of copulation success in *w*^1118^ flies {#Sec6}
---------------------------------------------------------------------------------------------

To further support the association between *w* ^+^ and copulation success, we examined the copulation percentage of males carrying a *w* ^+^ allele duplicated to the Y chromosome. Copulation success between *w* ^1118^/Dp(1; Y) *w* ^+^ *y* ^+^ males and their sibling females *w* ^1118^/*w* ^1118^ was 75.0% (12/16), which was comparable to CS (see Fig. [2E](#Fig2){ref-type="fig"}) with no significant difference (*P* = 0.71, Fisher's exact test) (Fig. [3D](#Fig3){ref-type="fig"}). Similar data was obtained using another duplication line. Copulation success between *w* ^1118^/Dp(1; Y) *B* ^*S*^ *w* ^+^ *y* ^+^ males and sibling females *w* ^1118^/*w* ^1118^ (56.3%, 9/16) was comparable to CS with no significant difference (*P* = 0.08, Fisher's exact test) (Fig. [3D](#Fig3){ref-type="fig"}). Thus, *w* ^+^ duplicated to the Y chromosome rescued the defect of copulation success in *w* ^1118^ flies.

Phenotypic independence between copulation success and eye color {#Sec7}
----------------------------------------------------------------

The classical phenotype for *w* ^+^ is for red eye color. A critical question is whether the defect of copulation success might be due to the loss of normal eye color and the associated poor vision^[@CR35]^. To test this possibility, we examined copulation success in *w* ^+^; *cn*, *bw*, a white-eyed strain carrying *w* ^+^ allele^[@CR24]^. Copulation success was 56.3% (9/16) between *w* ^+^; *cn*, *bw* males and sibling females (Fig. [3E](#Fig3){ref-type="fig"}). There was no statistical difference of copulation success between *w* ^+^; *cn*, *bw* and CS (*P* = 0.08, Fisher's exact test). Therefore, *w* ^+^-associated copulation success was independent of eye color phenotype.

m*w*^+^ rescued the defect of copulation success in *w*^1118^ flies {#Sec8}
-------------------------------------------------------------------

*Drosophila* m*w* ^+^ is a miniature form of *w* ^+^. m*w* ^+^ has been widely used as a marker gene to indicate the genomic recombination of a transgene. Since *w* ^+^ and m*w* ^+^ encode the same protein, it becomes important to understand whether m*w* ^+^ rescues the defect of copulation success in *w* ^1118^ flies. We tested UAS lines with m*w* ^+^-carrying transposons inserted into the X or autosomal (II or III) chromosome. All tested UAS flies were synchronized into the *w* ^1118^ isogenic background. The UAS but not Gal4 or other transgenic flies were chosen in order to minimize possible complex effects due to ectopic expression of a transcription factor in addition to m*w* ^+^  ^[@CR24]^.

Paired with CS virgin females, male flies with one copy of m*w* ^+^ on the autosome showed 0.0--12.5% copulation success (Fig. [4A](#Fig4){ref-type="fig"}). Males with m*w* ^+^ on the X chromosome displayed 6.3--62.5% copulation success (Fig. [4B](#Fig4){ref-type="fig"}). Therefore, males with one copy of m*w* ^+^ showed an increase of copulation success relative to *w* ^1118^ males. The observed variance among different UAS lines could be due to different expression of m*w* ^+^ or potentially a second mutation. Likely, the rescue effect of m*w* ^+^ was strong if integrated on the X chromosome, perhaps because of dosage compensation for genes on the X chromosome^[@CR36],\ [@CR37]^.Figure 4m*w* ^+^ rescued the defect of copulation success in *w* ^1118^ flies. (**A**) Copulation success (red bar) in flies carrying one copy of m*w* ^+^ on the autosome. The X axis denotes the number of fly pairs (sample size). Values of percent copulation success are provided. (**B**) Copulation success in flies carrying one copy of m*w* ^+^ on the X chromosome. (**C**) Copulation success in flies carrying two heterozygous m*w* ^+^ (two m*w* ^+^ heterozygotes) on the autosomes. (**D**) Copulation success in flies carrying homozygous m*w* ^+^ (two m*w* ^+^ homozygotes) on the autosomes. (**E**) Copulation success in flies carrying double homozygous m*w* ^+^ (four m*w* ^+^ homozygotes) on the autosomes. (**F**) Correlations of copulation success between heterozygous and homozygous flies carrying the same transposons. Numbers indicate m*w* ^+^ copies on the autosomes. Chromosomal locations of m*w* ^+^ are indicated in the parentheses. attP2: site-specific recombination site on the third chromosome; attP40: site-specific recombination site on the second chromosome.

Males carrying two copies of m*w* ^+^ (heterozygous for each) on the autosomes displayed 0.0--12.5% copulation success (Fig. [4C](#Fig4){ref-type="fig"}). Males with homozygous m*w* ^+^ (two copies) on the autosomes displayed 18.5--87.5% copulation success (Fig. [4D](#Fig4){ref-type="fig"}). Males with two homozygous m*w* ^+^ (four copies) on the autosomes showed 15.4--56.3% copulation success (Fig. [4E](#Fig4){ref-type="fig"}). These data supported the conclusion that m*w* ^+^ rescued the defect of copulation success in *w* ^1118^ males.

Notably, males carrying homozygous m*w* ^+^ alleles had increased copulation success compared with males carrying heterozygous m*w* ^+^. Copulation success was increased from 6.3% for heterozygous to 87.5% for homozygous 10×UAS-IVS-mCD8::GFP (on III) flies (Fig. [4F](#Fig4){ref-type="fig"}). Similar results were observed as 0.0% to 75.0% in 10×UAS-IVS-mCD8::GFP (on II), 12.5% to 75.0% in 20×UAS-IVS-mCD8::GFP (on III), 12.5% to 56.3% in 10×UAS-IVS-mCD8::GFP;10×UAS-IVS-mCD8::GFP (on II and III), 6.3% to 56.3% in 10×UAS-IVS-mCD8::GFP;20×UAS-IVS-mCD8::GFP (on II and III), 0.0% to 43.8% in UAS-hsp70\#4.4 (on III), 0.0% to 15.4% in UAS-hsp27;UAS-hsp26 (on II and III), and 6.3% to 18.8% in UAS-Httex1-Q47-eGFP (on III) (Fig. [4A,C--F](#Fig4){ref-type="fig"}). The increase of copulation success for each UAS line was observed from flies with heterozygous m*w* ^+^ allele to flies with homozygous alleles carried in the same transposon. Hence they would have different levels of White protein with the same expression pattern under the same genetic background. There was a strong positive correlation between copies of m*w* ^+^ and the percentage of copulation success. These data indicate that m*w* ^+^ rescued the defect of copulation success in a dosage-dependent manner.

m*w*^+^ rescued courtship rituals in *w*^1118^ flies {#Sec9}
----------------------------------------------------

A wild-type male often attempts a series of courtship ritual towards a female before copulation^[@CR2],\ [@CR3]^. We examined whether m*w* ^+^ rescued the reduced courtship in white-eyed flies^[@CR28]^. A courtship index was calculated as the fraction of time during which observable courtship activities (including orientation, female following and wing extension) occur^[@CR38]^.

Courtship indices were calculated in CS, *w* ^1118^ and m*w* ^+^-carrying UAS flies. During the first three minutes, most CS males displayed typical courtship behaviors to CS females, whereas w1118 males showed greatly reduced courting activities. Heterozygous 10×UAS-IVS-mCD8::GFP (III) flies (m*w* ^+^/+) displayed sporadic courting, while homozygous flies (m*w* ^+^/m*w* ^+^) showed strong and persistent courting (Fig. [5A](#Fig5){ref-type="fig"}).Figure 5m*w* ^+^ rescued the reduced courtship in *w* ^1118^ flies. (**A**) Courtship activities before copulation in CS, *w* ^1118^ and m*w* ^+^ flies. Shown are the video-frames sampled once per minute during the first three minutes. Consistent courting between pairs at a time point in all or most pairs (red triangle), and sporadic courting seen in individual arenas (red star) are indicated. There are eight pairs for each genotype. Each pair contains a naive male and a virgin female. (**B**) Courtship indices within three minutes in tested flies. \**P* \< 0.05 (one-way ANOVA); n.s., non-significance. (**C**) Dynamic courtship indices within the first 180 seconds in four genotypes. Courtship indices were repeatedly evaluated once every 10 seconds. *P* value is from two-way ANOVA. Sample sizes are indicated.

Within three minutes, the median courtship index of CS males was 0.83 (IQR 0.63--0.94, n = 16), *w* ^1118^ 0.11 (IQR 0.06--0.11, n = 16), heterozygous m*w* ^+^ 0.28 (IQR 0.28--0.33, n = 15) and homozygous m*w* ^+^ 1.00 (IQR 0.94--1.00, n = 15). Male *w* ^1118^ showed a markedly reduced courtship index compared with CS (*P* \< 0.05, Kruskal-Wallis test with Dunn's multiple comparisons). Heterozygous m*w* ^+^ males displayed a slightly increased courtship index compared with *w* ^1118^ males with insignificant difference, but a reduced courtship index compared with CS (*P* \< 0.05, Kruskal-Wallis test with Dunn's multiple comparisons). Homozygous m*w* ^+^ males showed a courtship index higher than heterozygous m*w* ^+^ (*P* \< 0.05, Kruskal-Wallis test with Dunn's multiple comparisons) (Fig. [5B](#Fig5){ref-type="fig"}). Interestingly, Homozygous m*w* ^+^ males had a courtship index similar to CS males (with not significant difference). Therefore, m*w* ^+^ rescued the reduced courtship activity in *w* ^1118^ males, and the rescue effect was m*w* ^+^ copy number-dependent.

We further examined the dynamic changes of courtship indices in CS, *w* ^1118^ and m*w* ^+^ flies within the first 180 seconds. The initial courtship index (during the first ten seconds) was around 0.6 for CS males and around 0.1 for *w* ^1118^ males, indicating rapid engagement of courtship with females in most CS flies but extremely slow in *w* ^1118^ flies. The initial courtship index was around 0.1 for heterozygous m*w* ^+^ males and 1.0 for homozygous m*w* ^+^ males, thus almost all homozygous m*w* ^+^ males but not heterozygous males started courtship immediately. CS males had an average courtship index of 0.5--0.6 in the first 60 seconds and a gradual increase up to nearly 1.0 within the next 120 seconds, whereas *w* ^1118^ males had a courtship index of 0.0--0.2 most of the time. Courtship indices of CS males were higher than those of *w* ^1118^ males throughout the observation duration (*P* \< 0.01, repeated measures ANOVA with Bonferroni post-tests). Heterozygous m*w* ^+^ flies showed increased courtship indices in some of the observation periods (i.e. 90, 160 and 180 sec) compared with *w* ^1118^ flies, but reduced levels in most of the observations compared with CS (repeated measures ANOVA with Bonferroni post-tests). Homozygous m*w* ^+^ males had a persistently high courtship index (0.9--1.0) throughout, and surprisingly, during the first 60 seconds, courtship indices of homozygous m*w* ^+^ males were even higher than CS males (*P* \< 0.05, repeated measures ANOVA with Bonferroni post-tests) (Fig. [5C](#Fig5){ref-type="fig"}). These data suggest that m*w* ^+^ rescued the reduced courtship activity in *w* ^1118^ flies, and that homozygous m*w* ^+^ alleles over-rectified the courtship in *w* ^1118^ males.

Male-female sexual experience rectified the defect of copulation success in *w*^1118^ flies {#Sec10}
-------------------------------------------------------------------------------------------

To understand how *w* ^1118^ males might have lost copulation ability in the circular arenas, we attempted to promote mating of *w* ^1118^ flies through several approaches: (1) increase of arena size, (2) dim red illumination and (3) sexual training.

In small arenas flies often become more active in behavior and locomotion than large arenas^[@CR3],\ [@CR34]^. The copulation success of *w* ^1118^ could be suppressed by spatial restriction. CS and *w* ^1118^ males reduce locomotion in large arenas (3.81 cm diameter) compared with small ones (1.27 cm diameter)^[@CR34]^, suggesting reduced disturbance of behavior in large arenas. Copulation success of CS pairs in large arenas was 66.7% (6/9), a level similar to that in small arenas (see Fig. [2E](#Fig2){ref-type="fig"}) (*P* \> 0.05, Fisher's exact test). There was no copulation observed in *w* ^1118^ pairs (0.0%, 0/9) (Fig. [6A](#Fig6){ref-type="fig"}). Thus, the increase of arena size had no effect on copulation success in wild-type, and failed to promote copulation in *w* ^1118^ flies.Figure 6Male-female sexual experience promoted copulation success in *w* ^1118^ flies. (**A**) Copulation success (red) of CS and *w* ^1118^ flies in large arenas (3.81 cm diameter 0.3 cm depth). *P* value is from Fisher's exact test. (**B**) Copulation success of CS and *w* ^1118^ flies under dim red illumination. *P* value is from Fisher's exact test. (**C**) Copulation success between sexually trained *w* ^1118^ males and *w* ^1118^ virgin females. Training conditions are indicated (see Methods for description).

Daylight illumination reduces sexual arousal in *w* ^1118^ males^[@CR28]^. Diminished light improves copulation in *ebony* and *lozenge* ^[@CR3]^ flies^[@CR10],\ [@CR39]^. It is possible that copulation success of *w* ^1118^ increases under dim red illumination, a condition mimicking darkness due to poor visual sensitivity to red light^[@CR40]^. With dim red illumination, copulation success was 56.3% (9/16) in CS pairs and 0.0% (0/16) in *w* ^1118^ flies (Fig. [6B](#Fig6){ref-type="fig"}). There was clearly a defect of copulation success in *w* ^1118^ compared with CS (*P* \< 0.05, Fisher's exact test). Dim red illumination did not repair the defect of copulation success in *w* ^1118^ flies.

Mating behavior can be remodeled by male-male courtship^[@CR41]--[@CR43]^. Specific ratios of white-eyed: wild-type males (i.e. \<0.4, or \>0.8) improve copulation success in white-eyed flies, if two strains (including white-eyed males and females, and wild-type males and females) are present together^[@CR33]^. We examined whether *w* ^1118^ males could learn to improve copulation success from CS males. Naive *w* ^1118^ males and CS males were mixed at 9:1 and raised for four days. Paired with *w* ^1118^ virgin females, *w* ^1118^ males showed no copulation (0.0%, 0/16) in the circular arenas (Fig. [6C](#Fig6){ref-type="fig"}).

Male-female copulation experience enhances mating behavior and success in wild-type flies^[@CR44]^. Male-female sexual training might be more effective than male-male courtship training in improving copulation success in *w* ^1118^ flies. Naive *w* ^1118^ males and CS virgin females were mixed with equal numbers and raised for four days. Paired with four-day-old *w* ^1118^ virgin females, experienced *w* ^1118^ males showed 26.7% (4/15) copulation success. If naive *w* ^1118^ males were sexually experienced with *w* ^1118^ virgin females, copulation success in *w* ^1118^ flies was increased to 50.0% (8/16) (Fig. [6C](#Fig6){ref-type="fig"}), which was significantly higher than that in non-experienced *w* ^1118^ flies (see Fig. [2E](#Fig2){ref-type="fig"}) (*P* \< 0.05, Fisher's exact test). The male-female sexual training for four days always resulted in the production of offspring, indicating the occurrence of copulation during training. Therefore, male-female copulation experience rectified the defect of copulation success during arena trials in *w* ^1118^ flies.

Discussion {#Sec11}
==========

*Drosophila* male-female copulation following the courtship ensures a physical contact of reproductive systems for the transfer of genetic contents to the offspring. There is a clear involvement of *w* in sexual discrimination^[@CR2],\ [@CR26]^ and courtship^[@CR12],\ [@CR13]^ in male flies, but whether *w* ^+^ determines male-female copulation success is unknown. Here we show that loss-of- *w* is associated with a defect of copulation success in a circular arena, that *w* ^+^-associated copulation success is independent of eye color phenotype, and that addition of m*w* ^+^ into a null background rescues male-female copulation success in a manner that is m*w* ^+^ copy number-dependent. These data add consolidated genetic evidence that *w* ^+^ controls male-female copulation success in *Drosophila melanogaster*.

Rapid engagement of courtship is evident between a wild-type naive male and a wild-type virgin female in a circular arena. In contrast, extremely low chance of courtship is observed between a white-eyed naive male and a white-eyed virgin female. The small size of arena (1.27 cm diameter) induces increased locomotion in males of both wild-type and white-eyed mutant^[@CR34]^. However, once a virgin female is present, a wild-type male rapidly switches the behavior from locomotion to courting, as revealed by a high initial courtship index. These observations suggest that there is a high priority for courtship relative to exploratory activity in the small arenas in wild-type flies. Indeed, copulation behavior in wild-type is vigorous and highly resistant to environmental stress such as a strong smell of ether^[@CR2]^. We also find that the change of arena size does not affect copulation success in wild-type. On the other hand, naive white-eyed males do not show rapid engagement of courting, and fail to copulate with virgin females in the arenas. Thus, a high priority for copulation might have been lost or severely impaired in white-eyed flies.

We offer here two main reasons that could explain the defect of copulation success of white-eyed flies in the circular arenas. First, *w* ^+^ directly controls male-female copulation success. Second, loss-of- *w* ^+^ delays sexual development and maturation, resulting in impaired male-female copulation success.

Addition of *w* ^+^ to white-eyed flies by exchanging the allele to the X chromosome or duplicating to the Y chromosome rescues the defect of copulation success. These findings indicate a strong association between *w* ^+^ and copulation success. This is further supported by the observations that addition of m*w* ^+^ to the *w* null background rectifies the defect of copulation success, and that the rectification is m*w* ^+^ copy number-dependent. An added value of m*w* ^+^ copy number-dependent rectification is the practical approach for genetic manipulation of copulation success by m*w* ^+^ allele. By inserting m*w* ^+^ to the genome and varying the copy number, we are able to control male-female copulation success in a manner that is dosage-dependent. These findings suggest that *w* ^+^ directly controls male-female copulation success.

A four-day-old wild-type naive male could have highly accumulated sex drive^[@CR2]^, whereas a four-day-old wild-type virgin female might have reduced receptiveness^[@CR45]^. Brought together, they show a level of copulation success comparable to previous observations in several wild-types^[@CR29]--[@CR32]^. Thus, sexual isolation for four days would have no or little impact to male-female copulation success in wild-type. However, sexual isolation of white-eyed flies, particularly males, does have a significant impact to copulation success. This is evident that sexual training of white-eyed males by sibling virgin females promotes copulation success between trained males with isolated virgin females. Because male-male training from wild-types is unsuccessful, the training has to be with females and apparently, involves male-female copulation experience, as judged by the production of offspring. These data are consistent with the observation that male-female copulation confers competitive advantages for copulation success in wild-type males^[@CR44]^. The specific requirement of sexual training is different from that used for *fru* ^*M*^ mutant, which improves courtship behavior by the training of any sex of flies^[@CR46]^. Thus, male-female copulation experience is critical for white-eyed males to achieve copulation success. Such a male-female copulation experience is, however, not required for wild-type flies and most tested m*w* ^+^ flies for successful copulation. Taking into account that *w* ^+^ has an implicated role for learning and memory^[@CR23]^, naive white-eyed flies might have impaired ability to learn or develop normal sexual performance, and this impairment could be rectified by sexual training or learning. We therefore explain our findings as that loss-of- *w* ^+^ delays sexual development and maturation, resulting in impaired male-female copulation success.

Much effort has been made to understand *Drosophila* courtship behavior in a single sex (e.g. male fly). Little is known about the genetic basis for *Drosophila* male-female copulation success. Our findings extend currently existing understanding of *w* ^+^/m*w* ^+^ on courtship behavior in several aspects.

It is novel that *w* ^+^-associated copulation success is independent of eye color phenotype. White-eyed flies have poor visual acuity, which affects optomotor response^[@CR35]^, exploratory behavior^[@CR47]^, and mating competition under light conditions^[@CR48]^. Those white-eyed flies carry *w*, a null mutant allele. It is reasonable to believe that both phenotypes, copulation success and eye color, are tightly linked to each other and could have been lost at the same time due to the loss-of- *w* ^+^. Here we show that these two phenotypes are clearly separable. By blocking pteridine and ommochrome pigment pathways^[@CR49],\ [@CR50]^, we generate a white-eyed strain carrying *w* ^+^. These *w* ^+^-carrying white-eyed flies show wild-type-like copulation success in the circular arenas. Our findings clarify two concerns. The white-eye phenotype and its associated visual acuity do not necessarily affect male-female copulation success. And, *w* ^+^ possesses clearly separable functions. It has been shown that *w* ^+^ promotes fast locomotor recovery from anoxia, another phenotype independent of eye color^[@CR24],\ [@CR25],\ [@CR51]^. Therefore, we provide solid evidence to support a pleiotropic function of *w* ^+^ in controlling male-female copulation success.

Second, we highlight that m*w* ^+^ causes abnormal male-female copulation success in addition to abnormal courtship. Wild-type male and female flies have tightly regulated expression of *w* ^+^, and do not require *w* ^+^-copy-number-dependent copulation success. That m*w* ^+^-copy-number-dependent copulation success is apparently an abnormal phenomenon in *Drosophila*. Also, the incomplete rescue of courtship index by heterozygous m*w* ^+^ and over-rectification of courtship index by homozygous m*w* ^+^ indicate the abnormal recovery of courtship behavior. The commonly observed variation of eye color in m*w* ^+^-carrying flies is another example of abnormal recovery of *w* ^+^ function.

Third, we examine a clearly observable phenotype, male-female copulation success, which involves both fly sexes. Behavioral characteristics of male-female copulation were described in 1910s^[@CR2]^. Using advanced genetic resources (e.g. m*w* ^+^-carrying flies), we provide genetic evidence that *w* ^+^ controls male-female copulation success. Additionally, this phenotype differs from courtship, a sexual request occurring at stages of pre- and post-copulation. Successful copulation, if observed in our laboratory settings, occurs only once within a period of 3-hr. However, the courtship of a male happens at multiple stages, even after the completion of copulation towards the mated female (personal observations). Thus, male-female copulation success cannot be evaluated by courtship activity.

How might *w* ^+^ control male-female copulation success? Since the first report more than 100 years ago^[@CR16]^, it has long been believed that *w* ^+^ product transports and deposits pigment in pigmental cells in *Drosophila* ^[@CR52],\ [@CR53]^. It was not until 1995 that an extra-retinal neural function of *w* ^+^ was proposed^[@CR12]^. Since then studies have shown that the White protein uptakes biogenic amines, second messengers, intermediate metabolites and many small molecules including pigment precursors into vesicles/granules and transports to appropriate subcellular locations^[@CR15],\ [@CR19],\ [@CR20],\ [@CR22],\ [@CR52]^. The behavioral performance of wild-type flies supports the proposed neural function of *w* ^+^. Wild-type flies have a fast reaction to volatile general anesthetics (VGAs)^[@CR54]^, fast and consistent locomotor recovery from anoxic coma^[@CR24],\ [@CR55]^, and high boundary preference of exploratory activities in the circular arenas^[@CR34]^. In contrast, loss-of- *w* mutants show altered and light-dependent sensitivity to VGAs^[@CR54]^, delayed locomotor recovery from anoxia^[@CR24]^, reduced boundary preference of exploration^[@CR34]^, and reduced learning and memory of thermal stress^[@CR23]^. Therefore, it is highly plausible that the White protein possesses housekeeping functions in maintaining appropriate vesicular contents, transporting molecular substrates, and improving signaling efficacy in the nervous system. These housekeeping functions of White could be essential for male-female copulation success.

Methods {#Sec12}
=======

Flies {#Sec13}
-----

Fly strains used in the current study and their sources are listed in Table [1](#Tab1){ref-type="table"}. Flies were maintained with standard medium (cornmeal, agar, molasses and yeast) at 21--23 °C in a light/dark (12/12 hr) condition. *w* ^1118^(CS) and *w* ^+^(*w* ^1118^) flies carry different *w* alleles exchanged between CS and *w* ^1118^ flies by serial backcrossing for ten generations^[@CR34]^. The *w* ^+^ duplication (to the Y chromosome) line *w* ^1118^/Dp(1; Y) *B* ^*S*^ *w* ^+^ *y* ^+^ was derived from Raf^11^/FM6, l(1)FMa^1^/Dp(1; Y) *B* ^*S*^ *w* ^+^ *y* ^+^ (Bloomington Stock Center (BSC) \#5733) by crossing a single male with three *w* ^1118^ females, and their male progeny into *w* ^1118^ females to establish a stock^[@CR24]^. In this study we generated another *w* ^+^ duplication line *w* ^1118^/Dp(1; Y) *w* ^+^ *y* ^+^ from dwg^11--32^/Dp(1; Y) *w* ^+^ *y* ^+^/C(1)DX, *y* ^1^ *f* ^1^ (BSC \#7060). UAS-hsp26^[@CR56]^, UAS-hsp27^[@CR56]^, UAS-hsp70 (\#3.2, \#4.3, \#4.4 and \#9.1)^[@CR57]^ and UAS-Httex1-Qn-eGFP (n = 47, 72 or 103)^[@CR58]^ were generated under *w* ^1118^ genetic background. 10×UAS-IVS-mCD8::GFP (at attP2 or attP40, BSC \#32185, \#32186) and 20×UAS-IVS-mCD8::GFP (attP2, BSC \#32194) flies were backcrossed to *w* ^1118^ background for ten generations. Flies with combinations of UAS-IVS-mCD8::GFP were generated after the backcrossing.Table 1Fly strains used in this study and their sources.StrainsSourcesCanton-S (CS)BSC \#1*w* ^1118^L. Seroude Laboratory*w* ^1118^(CS)ref. [@CR34]*w* ^+^(*w* ^1118^)ref. [@CR34]*w* ^1^BSC \#145*w* ^*a*^BSC \#148*w* ^*cf*^BSC \#4450*w* ^1118^/Dp(1; Y) *B* ^*S*^ *w* ^+^ *y* ^+^ref. [@CR24]*w* ^1118^/Dp(1; Y) *w* ^+^ *y* ^+^This study*w* ^+^; *cn*, *bw*ref. [@CR24]UAS-hsp26 (III)ref. [@CR56]UAS-hsp27 (II)ref. [@CR56]UAS-hsp70 \#3.2 (II)ref. [@CR57]UAS-hsp70 \#4.3 (X)ref. [@CR57]UAS-hsp70 \#4.4 (III)ref. [@CR57]UAS-hsp70 \#9.1 (X)ref. [@CR57]UAS-Httex1-Q47-eGFPref. [@CR58]UAS-Httex1-Q72-eGFPref. [@CR58]UAS-Httex1-Q103-eGFPref. [@CR58]10×UAS-IVS-mCD8::GFP (attP2)BSC \#3218510×UAS-IVS-mCD8::GFP (attP40)BSC \#3218620×UAS-IVS-mCD8::GFP (attP2)BSC \#32194UAS-hsp27 (II); UAS-hsp26 (III)ref. [@CR24]10×UAS-IVS-mCD8::GFP (attP40);10×UAS-IVS-mCD8::GFP (attP2)ref. [@CR24]10×UAS-IVS-mCD8::GFP (attP40);20×UAS-IVS-mCD8::GFP (attP2)ref. [@CR24]BSC, Bloomington Stock Center; attP2, Site-specific recombination site in the third chromosome; attP40, Site-specific recombination site in the second chromosome; ref, reference.

Fly preparation for copulation analysis {#Sec14}
---------------------------------------

Naive males and virgin females were collected within five hours after eclosion. Single-sexed flies were grouped as 10--20 per vial, and aged to 4--7 days before the experiments. We used nitrogen gas to knock down flies during collection time. Tested flies were free of nitrogen exposure for at least three days since the initial collection.

Sexual training of *w* ^1118^ males was carried out as follows: (1) male-male courtship training by CS males: 18 naive *w* ^1118^ males and 2 naive CS males were mixed in each vial and raised for four days. Male flies obtain sexual experience by courting naive males^[@CR41]--[@CR43]^. The ratio was determined based on a report that white-eyed males rare or predominant to wild-type males in a mixed population increase copulation success with white-eyed females^[@CR33]^; (2) training by CS females: 10 naive *w* ^1118^ males and 10 virgin CS females were mixed in each vial and raised for four days; (3) training by *w* ^1118^ females: 10 naive *w* ^1118^ males and 10 virgin *w* ^1118^ females were mixed in each vial and raised for four days. Trained *w* ^1118^ males were then paired individually with a four-day-old *w* ^1118^ virgin female for copulation analysis. Male-female copulation has occurred in every type of male-female training because of the observed production of offspring.

Analysis of copulation success {#Sec15}
------------------------------

The apparatus for copulation observation was the same as previously reported^[@CR34]^. Briefly, a naive/trained male and a virgin female were gently aspirated into a circular arena (1.27 cm diameter 0.3 cm depth). Sexual behavior was monitored and video-captured with a digital camera (Webcam C905, Logitech) for 60 minutes or a duration indicated otherwise. Copulation success (defined as apparent physical attachment between a male and a female) was post-analyzed from videos. The percentage of copulation success for each genotype was examined from a minimum of nine pairs. In many experiments the sibling male and female were used for the analysis in order to avoid sexual reluctance between heterospecific flies^[@CR59],\ [@CR60]^ or potential reluctance between different strains. In several experiments uniform females (e.g. CS females) or females of different strains were used. Specific genotypes of flies are described in the text. Experiments were conducted during the light time and at least three hours away from light-dark transit. Illumination was provided with a light box (Logan portaview slide/transparency viewer) with surrounding reflections. Dim red illumination was generated by using a red filter (600 nm long-pass, Roscolux \#26, Rosco Canada) on the light box.

Evaluation of male courtship activity {#Sec16}
-------------------------------------

The courtship behavior of a male fly before copulation was evaluated using a courtship index^[@CR38]^. In general, sexual activities of fly pairs were sampled once every 10 seconds during the first 180 seconds. At every sampling time, if for each pair the courtship activity was observed a score was assigned as 1, otherwise 0. A courtship index was calculated as the fraction of observation time during which any courtship happened. Clearly observable courtship activities of males included orientation, female following, and wing extension. We chose the first 180 seconds for the evaluation of courtship because copulation did not occur within this period in most of the tested flies.

Statistics {#Sec17}
----------

Fisher's exact test was used to examine the percentage of copulation success between two different strains. Kruskal-Wallis test with Dunn's multiple comparisons was performed to analyze courtship index between different groups of flies. Two-way ANOVA with Bonferroni post-tests was conducted to examine dynamic courtship index during the first 180 seconds. Data with normal distribution were presented as average ± standard error of mean (mean ± SEM). Data with non-normal distribution were illustrated as box-plots. A *P* \< 0.05 was considered significant difference.
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